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(57) Abstract 

oanitus'^lSS'fh.^/e^^^ fFu^u""^ ^"^'^^"8 an organic sample. In the preferred embodiment, this method and ap- 

paratus allows the determinauon of the base sequence of a nucleic add by determining the molecular weiehts of the comoonente 
loi'^T^lT't"' ^? T^'^JiT f " P«-<?i^ng chromophore or the co^lenCattS^mT^^^^^^ 
^d^tL f^lf^r.^^ '^P''^ ^""r "^u- r.^Po^?<>° ^^^^ molecules by exposure to an intense pulse of elcctrornaScU^ 

radiauon (14) m the presence of a matrix which strongly absorbs the radiation, TTie gaseous molecules are subscouc^v ex^c^ 
mto an evacuated ionization chamber (15) and then exposed to electromagnetic radiation (32) a^^vTen^ S s^^^^^ 
excites the chromophore covalently attached to the biological sample. wavciengin wmcn specitically 
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A METHOD FOR ANALYZING AN ORGANIC SAMPLE 

Technical Field 

The present invention relates, in general, to 
a method capable of identifying or determining the 
molecular weights of organic samples and, in particular, 
relates to the use of this method to construct an 
automated app2u:atus that can determine the sequence of 
nucleic acids utilizing non-isotopic and non-electropho- 
retic techniques. 

Background Ar^ 

An important property of biological samples 
which often must be determined is thedLr molecular 
weight. The most common method used to perform this 
measxirement is to electrophorese the biomolecule through 
an acrylamide or agarose gel, visualize the position in 
the gel by staining or autoradiography, and determine 
the sizes by comparison to molecular weight standards of 
known sizes. 

A related technology which uses similar sizing 
and detection techniques is DNA or RNA sequencing. DNA 
is a long thread-like macromolecule comprised of a chain 
of four deoxyribonucleotides which contain one of the 
four nitrogenous bases adenine (A) , cytidine (C) , 
guanine (G) , or thymine (T) . Similarly, RNA is composed 
of a long chain of ribonucleotides. The order of these 
nucleotides is the genetic code of the organism from 
which the DNA was isolated. The determination of this 
order is, therefore, a most important goal for scien- 
tists working in biological fields. 

Manual methods to sequence DNA involve either 
synthesis of new DNA in the presence of dideoxyribo- 
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nucleotide terminators \xsing as a template the DNA whose 
sequence needs to be determined or the degradation of 
the DNA to be sequenced using base-specific chemical 
treatments. In each case, a nested set of radioactively 
5 laibelled DNA fragments are generated which represent the 
sec[uence of the DNA. For exeunple, in the dideoxy method 
(Sanger, F. et al. , (1977) Proc. NAtl. Acad. Sci. U.S.A., 74, 
5463-5467) , the template DNA, whose sec[uence is to be 
determined, is incubated with an oligonucleotide primer, 

10 four deoxyribonucleoside 5 • -triphosphates (dATP, dCTP, 
dGTP and dTTP) , and a DNA polymerase. The primer 
anneals to a specific complementary position in the 
template DNA that is defined by the order of the bases 
in the primer. The DNA polymerase then begins to 

15 catalyze DNA synthesis in the 5 • to 3 • direction by 
incorporating the deoxyribonucleoside 5 ' -triphosphate 
that is complementary to the next base in the template 
DNA. A complementeury nucleotide is defined as one that 
follows the base-paring rules which require an A of one 

20 stremd of a double-stranded DNA molecule always pairs 
with a T of the other strand and that a C of one strand 
always pairs with a G of the other strand. 

In addition to the ability of DNA polymerases 
to incorporate normal nucleotides into the newly synthe- 

25 sized strand, maoiy polymerases can also incorporate 
dideoxyr ibonucleos ide 5 ' -triphosphates . Dideoxyr ibon- 
ucleotides eure identical to deoxyribonucleotides except 
that they lack the 3 • -hydroxy group on the ribose sugar. 
When these nucleotide analogs are incorporated into a 

30 growing DNA chain, synthesis terminates because the 
chain no longer bears the 3 • -hydroxyl needed to add 
s\ibsec[uent nucleotides. In the dideoxy sequencing 
method, four separate sequencing reactions 2ure run, each 
containing one of the tour dideoxyribonucleotides (each 

35 reaction also contains the foxir normal deoxyribonu- 
cleotides, one labeled with ^^P or "S) . Ipcorporation of 
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the dideoxy analogs occurs occasionally and randomly in 
place of a normal nucleotide at complementary positions 
in the template so that each reaction generates a 
heterogeneous population of product DNA molecules each 
5 beginning with the primer (£uid thus sharing a common 5*- 
terminus) and each terminating with the dideoxynucleo- 
tide that was included in that reaction. 

The radioactively labeled products from each 
of the four dideoxy seqniencing reactions sure denatured 

10 to separate the newly synthesized DNA from the template 
and then electrophoresed in adjacent lanes on a poly- 
acrylamide gel such that the DNA product molecules are 
separated based on their chain length. The presence of 
a band in the gel represents the presence of the corre- 

15 spending complementairy nucleotide in the template at a 
specific distance from the primer. Comparison and 
analysis of the bands present in each of the four lanes 
allows the sequence of the template DNA to be deduced. 
Thxis, the relative positions of the bands identify the 

20 positions in the DNA sequence of each given nucleotide 
base. Generally, the DNA molecules aure labelled so that 
the bands produced are readily detected. As shown in 
Figure 1, the intensity of the bands is generally non- 
uniform, within a single lane, because beuid intensity is 

25 directly related to the total number or concentration of 
DNA molecules of the same molecular weight in a specific 
lane, and this nxmber varies from one molecule to 
another even when they are of approximately the seune 
molecular weight and even when they contain the same 

3 0 chain terminating agent. Tabor and Richardson, U.S. 

Patent 4,962,020, have recently described a method for 
producing uniform banding, by use of a manganese buffer. 

In the alternative chemical DNA sequencing 
method, chemicals that effect random pairtial cleavage of 

35 the DNA at G, G+A, C+T, and c are added in foxxr individ- 
ual reactions to a single-stranded DNA fragment contain- 
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ing a ^^P label at the 5' end. The resulting fragments 
are processed as in the dideoxy method to determine the 
DNA sequence. Maxam, A. and Gilbert, W. (1977) Prog. 
Natl. Acad. Sci. U.S.A., 74, 560-564. 
5 Automated DNA sequencing dLnstruments based on 

the dideoxy method aire described in U.S. Patent Nos. 
4,855,255 and 4,811,218 and Prober et al.. Science 16 
Oct. 1987, 238; pp. 336-341. Both of these systems 
require the incorporation of four fluorescent dyes into 

10 the dideoxy-terminated product DNA which aire then run on 
a polyacrylamide gel. The discrete-length product 
molecules are detected near the bottom of the gel by 
their emitted florescence following excitation with a 
laser. In these automated systems, many more sequences 

15 oaxi be analyzed per gel and the sequences determined 
acctirately out to 500 bases or greater. Furthermore, 
data can be recorded faster since there is no majiual gel 
reading step required. Finally, the automated sequen- 
cers use non-isotopic detect it>n methods so there is not 

20 added costs associated with radioactive wasted disposal - 

Fluorescent IsOsels can be used in place of 
radioactive labels, as described in Fung et al., U.S. 
Patent 4,855,225 and Hunkapiller et al. 4,811,218, and 
Prober et al. , 238 Science 336, 1987. In addition, the 

25 DNA molecules may be labeled with different isotopic 
variemts of an atom, e.g., sulfxir. The sulfur atom is 
used as a marker for the specific nucleotide at the end 
of each nucleic acid molecule, and later identified by 
combustion of the molecule to produce sulfur dioxide, 

3 0 which is then detected using mass spectrometry . 
Brennan, U.S. Patent No. 5,003,059; Jacobson et al. , 
U.S. Patent 5,002,868; and Serge, EPA 0 360 676 Al. 

Although these instruments offer some advan- 
tages over mauiual methods, they still suffer from 

35 numerous drawbacks which are inherent in the use of a 
polyacrylamide gel to resolve the DNA fragments. For 
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example, t:his method remains labor-intensive since a gel 
must be poured and disposed of for each sequencing run. 
Also, the accuracy of the sequencing cem be impacted by 
artifacts generated by non-uniform gel matrix or even by 
5 a particuleor sequence as it electrophoreses down the 
gel. Furthermore, although more sequences can be 
determined on one gel that can be done manually, 10 to 
12 hours are still required to obtain this data. 

These problems associated with sequencing are 

10 minor when one is considering the generation of the 
sequence of a small genome, but they become monumential 
when contemplating secjuencing the human genome, esti- 
mated to contain over 3 billion base pairs. 

Mass spectral methods are well known. Pulsed 

15 mass spectroscopic methods, Burlingeune, A.L. et al., 
(1990) ANAi.. CHEH., 62, 268K-303R (and references there- 
in) , such as time-of-f light (TOF) and Fourier l^emsf orm 
ion-cyclotron-resona^ce mass spectroscopy (FTICR-MS) , 
have the inherent ability to simultaneously analyze all 

20 of the components of a complex mixture in a single 200 
millisecond experiment. The most significant feature of 
a mass spectroscopic-based method is that it does not 
require prior electrophoretic or chromatographic separa- 
tion prior to analysis thus reducing the analysis time 

25 by at least three orders of magnitude. 

A major obstacle, until now, for implementing 
mass spectroscopy for analysis of large biomolecules has 
been the lack of an appropriate interface between the 
water-based biological system and the high vacuum 

30 rec[uired for mass/- analysis . Prior studies have used 
techniques such as secondeory ion mass spectroscopy, 
Aberth, W. et al. , (1982) Anal. Chem. , 54, 2029-2034, fast 
atom bombardment, Griffen, D. et al.,- (1989) Biomed. & 
Env- Mass Spectrom. , 17, 105, ^ Cf plasma desorption, 

35 Sundqvist, B. et al. , (1985) Mass Spectrom, Rev., 4, 421- 
460, electrospray, Fenn, J.B. et al., (1990) Mass Spectrom 
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REViSHS, 9, 37-70, and thermospray/ st:raiib, K. et al., 
(1990) Rapid Comkon. Mms Spbctrom, 4, 267-271, Pramanik, 
B.C. et al., (1989) Anm.. Biochem. , 176, 269-277, in an 
attempt: to transport biomolecules from the solid phase 
5 to the gas phase. These methods sxiffer either from 
severe sample decomposition or multiple charging prob- 
lems. Other obstacles for mass spectral DNA sequencing 
methods include: guaoranteeing inadequate mass resolution 
at 30,000-200,000 AMU (100-500 base strands); accom- 

10 plishihg selective and efficient ionization of DNA 
strands; and avoiding multiple ionization and/or frag- 
mentation of DNA strMds. 

leaser vaporization may be used for the desorp- 
tion of biological molecules into the gas phase, Karas, 

15 K. etal., (1989) BiOMED. & Env. Mass Spectrom. , 18, 841-843. 
Proteins with molecular weight approaching 175,000 
daltons have been molecularly desorbed with this tech- 
nique smd detected using TOF methods, Keiras, M. et al., 
(1989) BIOMED. & ENV. MMs Spectrom. , 18, 841-843. Recently, 

20 Cotter et al., (1990) Rapid Common. Mass Spectrom., 4, 99-102 
have demonstrated matrix-assisted laser vaporization and 
high resolution TOF detection of oligodeoxyribonucleo- 
tides with mass up to 1797 Dalton (6 baseis) . In this 
case, the positive molecular ion peak was intense with 

25 no appeorent stremd cleavage. Autoradiographic studies 
by Williams et al. suggest that extremely long DNA 
strands, containing up to 1,200 nucleotides, (1989) 
Science, 246, 1585-1587, can be transported into the gas 
phase intact. 

30 Resonance-enhanced multiphoton ionization 

(REMPI) , has been used to ionize many different biomole- 
cules, including nucleotides and nucleosides, Li, L. et 
al, , (1989) INT. Journal of Mass Spec. & Ion Processes, 88, 
197-210, peptides, amino acids, Grotemyer, J. et al., 

35 (1987) INT. J. MASS SPECTROM. lON PROCESSES, 78, 69-83, 

hormones, catecholamines. Pang, H.M. etal., (1988) Appl, 
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Spectroscopy / 42, 1200-1206/ and purines, Li, L. et al. , 
(1989) Int. Journal of Mass Spec. & Ion Processes, 88, 197- 
210. 

TOF mass spectrometry has detected proteins 
5 with masses approaching 175,000 AMU, Karas, M. , 
Ingendoh, A., Bahx, U. , Hillenkamp, F. (1989) Bzohed. & 
£nv. Mass Spectrom. , 18, 841-843 « This would correspond to 
a DNA strand of approximately 530 bases long. Finally, 
the extremely high sensitivity a TOF mass spectrometer 

10 allows the detection of ultra-low seunple amoiints in the 
sub-attomole range. 

The difficulties of the prior art eore overcome 
by the methods described herein to analyze an organic 
sample and/ or to determine the base sequence of a 

15 nucleic acid. 

It is ecn object of the present invention to 
use CTirrent sequencing technology with a mass spectral 
method to directly analyze the products of enzymatic DNA 
sec[uencing reactions. 

20 It is the object of the present invention to 

solve inherent problems of the prior aorfc described above 
using a combination of following techniques: (i) laser 
vaporization methods to desorb the liquid phase DNA 
strsmds into the gas phase; (ii) pulsed molecular besoa 

25 nozzle techniques to transport the gas phase strands 
from a flowing helium atmosphere into the vacuum system; 
(iii) laser ionization methods to resonatntly ionize a 
"tag" molecule on each DNA strand; and (iv) time-of- 
flight methods for high mass analysis. 

30 It is an object of this invention to desorb 

biomolecules by mixing the sample of interest in an 
excess of a "matrix," or chromophore, which is specifi- 
cally chosen to absorb light where the biomolecule does 
not. The chromophore absorbs the extremely high powered 

35 light (10*^-10' watts) that is presented in the short 
laser pulse (5ns) . 
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It is an object of tiiis invention to xise this 
energy which is deposited in a short time so that all of 
the matrix and biomolecules are transported into the gas 
phase before thermal equilibrium can be attained. 
5 It is an object of the present invention to 

place a single positive charge on the vaporized mole- 
cules using a technlq^ie called resonsuice— enhamced 
multiphoton ionization (REMPI) . REB4PI has been shown to 
be a very powerful tool for the analytical study of 

10 biological materials. The techniqpie is based on selec- 
tively exciting an atom or molecule with a laser through 
specific vibronic states until the ionization energy is 
siirpassed (Fig. 2) • 

It is an object of the present invention to 

15 place on each vaporized DNA molecule a single chaorge by 
selective ionization of a covalently attached chromo- 
phore or "tag." These charged ions eore then detected 
using time-of-f light (TOF) mass spectrometry. 

It is- an object of the present invention to 

20 use the coBibination of a solution-phase laser vaporiza- 
tion method with the ability to measure high masses 
using a TOF mass spectrometer to provide a rapid (<5 
sec) method to completely analyze all of the nested 
strands produced from a given enzymatic dideoxy sequenc- 

25 ing reaction. 

It is a further object of the present inven- 
tion to determine the sequences of the bases of a 
nucleic acid sample. Prior techniques are extremely 
slow and eare highly leibor intensive. 

30 It is also a further object to describe an 

improved apparatus for passing tagged biological samples 
from a vaporizing source to an apparatus which would 
permit the detection of the sequences of the components 
of a biological sample such as a nucleic acid such as 

35 DNA or RNA. 
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Summary Qf The Inyention 

Described is a metihod of analyzing an organic 
sample, comprising t:he s1:eps of: 

a) providing an organic sample in a medium 
5 which absorbs visible light; 

b) vaporizing the s2Lmple and the medium into 
the gaseous state by subjecting the sample zmd the 
medium to electromagnetic radiation from an optical 
source wherein the vaporizing of the brg2mic seunple 

10 occurs in a visible light absorbing mediiim which eJssorbs 
the electromagnetic radiation in the visible light 
region ; 

c) ionizing the vaporized saunple; and 

d) detecting the contents of the vaporized, 
15 ionized sample. 

An appaoratus is described for accomplishing 
this emalysis comprising an optical source for generat- 
ing electromagnetic radiation in the visible light 
region for the purpose of vaporizing the organic seunple 

20 present in a visible light absorbing medium, an ioniza- 
tion chamber containing an optical source in which the 
vaporized sample is exposed to electromagnetic radiation 
that excites the sample and ionizes the seuaple , and a 
means to detect the ionized sample to euialyze the 

25 seunple. Host preferably, a mass spectrometer will be 
used to determine the molecular weights of the ionized 
sample. In the preferred embodiment, the mass spectrom- 
eter is of the time-of -flight type. 

To use this apparatus for sequencing DNA or 

3 0 RNA, the seuaple to be sequenced is used as a template 
according to the dideoxy sequencing procedure employing 
in these enzymatic reactions either primers or dideoxy- 
ribonucleoside 5 • -triphosphates that are covalently 
attached to a chromophore. The four enzymatic reactions 

35 products are then subjected individually to vapor iza- 
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tion, ionization amd mass analysis and tOie data corre- 
lated from each set to generate the sequence for each 
nucleic acid sample* 

Applicants have discovered that high molecular 
5 weight nucleic acid molecules aan be vaporized without 
fragmentation. In general, this vaporization is per- 
formed by txse of a high energy visible laser light in 
conjunction with a high concentration of a matrix which 
absorbs the laser light energy. The nucleic acid 

10 molecule t:o be analyzed is mixed with the matrix prior 
to vaporization. When the laser light illuminates the 
matrix, the matrix is vaporized and any nucleic acid 
molecule within the matrix is entrained, i.e., simulta- 
neously vaporized, along with the matrix. By selection 

15 of a suiteO^le matrix, wavelength of laser light, and 
laser energy level, it is possible to ensure that little 
or no fragmentation of the nucleic acid molecule occurs. 
The matrix and wavelength of laser light should be such 
that the laser light is absorbed by the matrdLx but not 

20 absorbed by the nucleic acid molecule, and chemical 
bonds within the nucleic acid molecule are not cleaved. 
Applicants have foxind that use of high laser levels 
(adDOve 80 mJ/cn?, or even 300 mJ/cm?) for vaporization 
produces signif icemtly improved results tham use of a 

25 lower laser energy. 

Brief Description Of The Drawings 

FIGURE 1 is a diagrammatic representation of 
a dideoxy sequencing method; 

FIGURE 2 shows a schematic view of 2-photon 
30 resonance enhamced ionization (REMPI) of a molecule M; 

FIGURE 3 is a schematic representation of an 
apparatus of the present invention; 

FIGURE 4 is a schematic representation of a 
vaporization chamber of the appaoratus in Figure 3; 
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FIGURE 5 is a schematic representation of an 
optical system for vaporization; 

FIGURE 6 is an optical system for REMPI; 
FIGURE 7 is a side view of an apparatus of the 
5 present invention; 

FIGURE 8 is a top view of the apparatus of 

Figure 7; 

FIGURE 9 is a spectrum of analyzed samples by 
use of the apparatus of Figures 7 and 8; 
3.0 FIGURES 10 ud 11 are copies of autoradio- 

graphs showing a vaporized oligonucleotide; 

FIGURE 12 is a graphical representation of the 
effect of laser energy on stability of dATP; 

FIGURES 13A and 13B are copies of autoradio- 
15 graphs showing the effect of laser energy on populations 
of DNA molecules; and 

FIGURE 14 is a diagrammatic representation of 
mock data from a mass spectrometer of the present 
invention^ and its analysis to determine a nucleotide 
20 sequence. K, T, C and G represent the data obtained 
from populations of molecules having variable ends 
terminating in the corresponding nucleotide. 

Detailed Description Of The Tnvftnf inn 

This invention includes a method for analyzing 
25 and identifying the components of an organic sample and 
an appeuratus for accomplishing this method. In the 
preferred embodiment, the identification is through a 
determination of the molecular weights of these compo- 
nents and the preferred components are the products of 
30 a dideoxy sequencing reaction. 

This discovery allows the determination of 
molecular weights of nucleic acid molecules in a solu- 
tion or in a solid state, and for the determination of 
the molecular weights of several different nucleic acid 
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molecules witliin a mixture of nucleic acid molecules. 
To this end, the invention is particularly useful for 
determination of the nucleotide seq[uence of DNA or RNA, 
without the need for any separation of nucleic acid 
5 molecules generated in a sequencing reaction. 

For example, a population (series) of nucleic 
acid molecules can be formed by use of standard tech- 
niques, such as those described above, and directly 
analyzed by causing vaporization of each of the mole- 

10 cules auid deteinaination of their moleculau: weights, if 
four such populations of molecules, ending in A, T, G, 
or C, respectively, are created, the nucleotide sequence 
can be determined by comparing the molecular weights of 
molecules within each of the four populations. Such 

15 compaxisons can be perfomed by use of a computer, and 
allow smalysis of a large number of sequencing mixtures 
within a very short time. 

Because analysis by mass spectrometry does not 
require separation of nucleic acid molecules from one 

20 another to obtain molecular weight, the methods of this 
invention provide significant advantages over prior 
sequencing methods which rely, in general, on use of 
polyacrylamide gel electrophoresis to separate the 
molecules. Thus, the sequencing methods described 

25 herein eliminate the most labor-intensive and time- 
consuming steps of DNA sequencing methods. 

It is also possible, because of the enhanced 
sensitivity of this method, to substantially reduce the 
amount of reagents needed for sec[uencing. For example, 

30 sequencing can be performed with a reduced 2uaount of a 
polynucleotide template and enzyme used in a dideoxy 
sequencing reaction. Applicants* method also provides 
significamt time savings because mass spectrometry 
determinations Ccin be made quickly. In addition, the 

35 technology described herein can be easily automated for 
repeated sample ainalysis. Thus, the sequencing methods 
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described herein have many advant:ages over currently 
available methods • 

In general, a method of this invention fea- 
txires vaporization of a standard DNA sequencing solution 
5 containing nucleic acid molecules of varying molecular 
weights, modification of the vaporized molecules so that 
they are susceptible to analysis by mass spectrometry, 
for example, by ionization, and performance of mass 
spectrometry on the vaporized and ionized molecules. 
10 Thus, in a first aspect, the invention fea- 

tures a method for analyzing a nucleic acid molecule, 
without fragmenting the molecule, by vaporizing a 
mixtxire of the molecule and a matrix by illuminating the 
mixture with visible laser light absorbed by the matrix 
15 and not by the nucleic acid molecule • 

By "vaporizing" is meant that the nucleic acid 
molecule is caused to enter the vapor phase such that it 
is available for smalysis by a mass spectrometer, or 
available for ionization and subsequent analysis by a 
20 mass spectrometer. 

By "matrix" is meant any component of a 
mixttire with the nucleic acid molecule which is adapted 
to absorb visible laser light, and can be vaporized by 
that laser light, and is adapted to simultaneously cause 
25 vaporization of the adjacent nucleic acid molecule. 
That is, the vaporized matrix entrains the embedded 
nucleic acid molecule and carries it into the vapor 
phase. Generally, this matrix is vaporized by visible 
laser light having a wavelength between about 400 and 
30 1100 nanometers, preferably between 500 and 550 nano- 
meters, and most especially 532 nanometers, which is not 
absorbed by the nucleic acid molecule. 

In a related aspect, the invention features a 
method for determining the nucleotide sequence of a 
35 polynucleotide by using mass spectrometry to determine 
the molecular weights of individual single-stranded 
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nucleic acid molecules in a population. The population 
includes a plurality of single-stranded nucleic acid 
molecules generated from the polynucleotide (e.g., by a 
sequencing technicpie described above) , each nucleic acid 
5 molecule having a different moleculeu: weight and one 
defined terminus amd one V2uried>le terminus which termi- 
nates at a specific nucleotide. Generally, this method 
is performed without prior separation, of the nucleic 
acid molecules from each other. 

10 By "mass spectrometry" is me2uit any technique 

which allows the molecular weight of a nucleic acid 
molecule in the vapor phase to be determined. Those of 
ordinary skill in the art will recognize that many 
specialized apparatus, generally termed mass spectrome- 

15 ters, are known which aoce specifically adapted to 
perform the technique of mass spectrometry, e.g. , a 
time-of -flight mass spectrometer which is paurticulaorly 
suited to detection of molecular: weight of leurge mole- 
cules . 

20 As discussed above, methods for generating 

nucleic acid molecules from a polynucleotide to deter- 
mine nucleotide sequences are well known in the eort. 
For example, such techniques include the use of a chain 
termination agent in a technique generally called 

25 dideoxy chain termination secpiencing (see, Sanger et 
al., supra , and Teibor cmd Richaordson U.S. Patent No. 
4,795,699), or the technique generally described by 
Heixam and Gilber, supra . It is paorbicularly important 
in the secpiencing method that molecules of one molecular 

30 weight be provided in approximately equal numbers to 
molecules of simileo: moleculeu: weight as > for exeanple, 
described by Taibor and Richardson, U.S. Patent No. 
4,962,020. Th\is, the population includes several sets 
of nucleic acid molecules of identical moleculair 

35 weights, each set having a different molecular weight 
from each other set. 
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Each of the nucleic acid molecules in the 
population has a defined terminus, that is, each mole- 
cule has an identical 3« terminus or 5» terminus con- 
taining a chain of identical nucleotides. Each molecule 
5 also has a variable terminus, that is, the other of the 
3' or 5» terminus is different for each set of nucleic 
acid molecules within the population. As will be 
recognized by those or ordinary skill in the BLxrt, for 
each molecule in the population, the variable terminus 
10 generally ends in a specific identical nucleotide. 

In preferred embodiments of the above aspects , 
the determining step includes vaporizing a mixture of 
matrix and the population of nucleic acid molecules 
derived from the polynucleotide to be analyzed. The 
15 mixture is vaporized by illtiminating it with visible 
laser light absorbed by the matrix. As discussed above, 
the nucleic acid molecules are generated by chemical 
degradation of the polynucleotide, or by extension of a 
short polynucleotide, called a primer, complement€ary to 
20 a portion of the polynucleotide to be sequenced by a DNA 
polymerase (e.g., T7 DNA polymerase) in the presence of 
a chain terminating agent, e.g., a dideoxynucleoside 
triphosphate, preferably in the presence of manganese. 
The polynucleotide may be a DNA or RNA molecule. 
25 In other preferred emboddLments , the determin- 

ing step includes comparing the molecular weight of the 
nucleic acid molecules, to provide a nucleotide se- 
quence, e.g., by use of a computer; the vaporizing step 
is performed using a laser adapted to emit a pulse of 
3 0 light, e.g., with a power greater than about 80 mJ/cn?, 
or preferably greater than about 120 mJ/cm^, or most 
preferably greater than about 320 mJ/cm-; the laser is a 
neodium yttrium aluminum garnet laser; and the pulse of 
light is less that 10 nanoseconds, and preferably about 
35 5 nanoseconds . 


wo 92/13629 


PCr/US92/00714 


In yet other preferred embodiments, the matrix 
is an orgeuiic dye, e.g., rhodamine 6G, with a ratio of 
matrix weight to total nucleic acid molecule weight 
ranging from about 1:1 to 100,000:1, more preferaibly 
5 1,000:1 to 25,0O0:l; the matrix may also be chosen from 
Rhodamine 6G, Rhomdamine 700 or 800, DTTCI, IiCSSOO, 
DNTTCI, HDITCI, DDCX4, amd dibenzocyanine 45 or from emy 
one of a number of chromophores which aibsorb light 
between 400-1100 nm; and each nucleic acid molecule is 

10 bonded to an ionizaJDle chrbmophore \rtiich allows ioniza- 
tion of each molecule, e.g., a fluorescent dye, selected 
from the group including fluorescein, rhodeunine, tetra- 
methylrhodamine, sulf orhodcunine 101, nitrobenzo-2-oxa— 1- 
diazaole, anthracene, pyrene, coumarin, acridone, N-5- 

15 dimethyl suaino naphthene, amd derivatives thereof (in- 
cluding iodoacetamide, maleimide, isothiocyanate and 
succinimidyl caorboxylate) and the like. Host prefera- 
bly, the chromophore sibsorbs light of a wavelength 
greater them 3 00 nanometers, aoid is connected to the 

20 molecules by covalent bonding or by a linker eunn (see 
e.g., Hunkapiller et al. , U.S. Patent 4,811,218 2uid Fxing 
et al., U.S. Patent 4,855,225), and preferably posi- 
tioned between 1 and 50 atoms from the molecule. 

Other preferred embodiments fxirther include 

25 ionizing the nucleic acid molecules, after the vaporiz- 
ing step, 2uid determining the molecular weight of the 
vaporized ionized nucleic acid molecules xising a mass 
spectrometer, e.g., a time-of-f light spectrometer. 
PrefersJDly, a single positive charge is placed on each 

30 vaporized nucleic acid molecule prior to analysis by 
mass spectrometry. One technique for placing such a 
single positive charge is by resonance-enhanced multi- 
photon ionization (REMPI) . 

In another related aspect, the invention 

35 features an apparatus for determining the nucleotide 
sequence of a polynucleotide. The appaoratus includes a 
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10 


mass spectrometer adapted to determine the molecular 
weight of individual single-stranded nucleic acid 
molecules (derived from the polynucleotide) in a first 
plurality of different populations (e.g., four sepeurate 
A, T, C, eLXid G populations) , each population including 
a second plurality of different single-stranded mole- 
cules, each having a different molecular weight and one 
defined terminus and one variable terminus, the variable 
terminus terminating at a specific nucleotide, with the 
variable terminus of each first plurality of different 
populations terminating at a specific nucleotide. Also 
provided is a computer adapted to compare the molecular 
weights of each of the molecules in the populations to 
provide the nucleotide sequence of the polynucleotide - 
1^ In a further related aspect, the invention 

features one or more populations of vaporized and 
ionized nucleic acid molecules including a plurality of 
different single-stranded nucleic acid molecules each 
having a different molecular weight amd one defined 
terminus and one variable terminus, the varieUble termi- 
nus terminating at a specific nucleotide. 

A feature of the invention, which uses laser 
desorption of biomolecules , is to mix the seunple of 
interest into an excess of a "matrix" or chromophore, 
25 which is specifically chosen to sibsorb light where the 
biomolecule does not. it is believed that the chromo- 
phore absorbs the extremely high-powered light (10** - lo' 
watts) that is present in the short laser probe (5 ns) . 
Possible chromophores includes nicotinic acid, sinapinc 
30 acid, ferulic acid, nitrobenzyl alcohol, benzene, 
diiodomethane, rhodamine G, and the like. This energy 
is deposited in such a short time that probably all of 
the matrix biomolecules are transported into the gas 
phase before thermal eguilibriiim can be attained. It 
35 has been shown that little or no degradation of thermal- 


20 
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ly labile molecules results from "this desorpt:ion tech- 
nique . 

If the sample does not contain a suitable 
chromophore for resonamce enhemced multiphoton ioniza- 
5 tion, then a light-absorbing chromophore may be cova- 
lently linJced to the sample « There are a large number 
of dye moieties vbich are appropriate for this ioniza- 
tion process • Suitaijle dyes include fluorescein amd 
fluorescein derivatives, rhodauoine and its derivatives, 

10 tetramethylrhodamine and its derivatives, sulf orhodamine 
101 (Texas red) and its derivatives, nitrobenzo-2-oxa-l- 
diazole, anthracene, pyrene, cotimarin, acridone, N-5- 
dimethyl amino naphthene, and their derivatives and the 
like. Derivatives of each of these dyes eare commercial- 

15 ly available from (Molecular Probes, Inc. , Eugene, Or) 
in forms that can be easily linked to appropriately 
activated biological or chemical samples (e.g., contain- 
ing an available amine or thiol group) . The most 
appropriate of the available derivatives of these dyes 

20 for the purpose of linking to biomolecules include: 
iodoacetamide , maleimide, isothiocycmate, amd succinimi- 
dylcaurboxylate amd the like. The appropriate function- 
ality on tlie biomolecule to link to the first two in 
this series is SH, while the latter two require an NHj 

25 group present on the biological or chemical saunple. For 
a listing of suitable dyes, see U,S. Patent No. 
4,821,218 and 4,855,225, hereby incorporated by refer- 
ence . 

There are a wide variety of standard proce- 
3 0 dures for chemically binding these types of chromophores 
to organic and biological molecules (see, for exsmple, 
U.S. Patent Nos. 4,821,218 and 4,855,225). Amine and 
tliiol-containing nucleic acids can also be prepared and 
used to link to the appropriate reactive group on the 
35 dyes, oligonucleotides are commercially availalile from 
majiy soxirces that contain either a reactive amine or 


wo 92/13629 


PCr/US92/00714 


-19- 

thiol group at the 5» end (Clonetecli, Palo Alto^ CA) • 
These are linked to the corresponding reactive groups on 
the dyes using standard procedxires. There are also a 
number of commercially available oligonucleotides which 
5 are coupled to fluorescent dyes. For example, ABI 
(Foster City, CA) sells foiir oligonucleotides that are 
used in their automated DMA sequencer that are covalent- 
ly linked to two fluorescein (fluorescein eind 2», 
dimethoxy-4 > 5-dichlorof luorescein) and two rhodamine 

10 (tetramethylrhodaaine and , rhodamine X) derivatives. 

These same dyes can also be covalently linked 
to proteins allowing detection and molecular weight 
determination of protein mixtures in biological samples. 
Unlike the nucleic acid modifications, proteins contain 

15 many reactive functional groups which will react with 
the preferred linking groups of the dye derivatives 
(isothiocyanate, succinimidylceorboxylate, iodoacetamide, 
and maleimide) . For exfiunple, iodoacetates react predom- 
inantly with SH groups, of free cysteines but may also 

20 react, if cysteines aire absent, with methionines, 
histidines, or tyrosines. Male Im Ides are also primarily 
thiol-reactive but will also react with a amines at 
higher pH. Since many proteins do not have free thiols, 
the amine reactive functional groups, isothiocyanates 

25 and succinimidylC2urboxylate, which react with free 
aliphatic amines are often the best choice for these 
types of coupling. Essentially, all known proteins have 
lysines and most have a free amino terminus. Therefore, 
these amine reactive dye derivatives core often the 

30 reagents of choice for protein modifications. 

Vaporization Chromophore (Matrix^ 

It is important in the invention to mix the 
nucleic acid molecules to be analyzed with an excess of 
a matrix which is specifically chosen t:o absorb light 
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energy at a wavelength, not absorbed by the molecules. 
It is believed that the matrix absorbs the extremely 
bigb-powered light that is present in a short laser 
pulse (less than 10 nanoseconds (ns) , most preferably 
5 less than 5 ns) , and is thereby vaporized. ExMples of 
such matrices include Rhodeoaine 6G, Khodeunine 700 or 
800, DTTCI, IfCSSOO, DNTTCI, HDITCI, DDCI-4, and dibenzo- 
cyanine 45. Applicants believe that, because the laser 
energy is received by the sample over only a short time, 
10 all of the nucleic acid molecules within the matrix eore 
caused to enter the vapor phase by entrainment before 
any fragmentation of the nucleic acid molecules can 
occur. 

Ionization Chromophore 

The present invention provides laser 
vaporization methods to desorb liquid phase nucleic acid 
molecules into the gas phase, aind laser ionization 
methods to resonsmtly ionize each nucleic acid molecule • 
Unmodified nucleic acid molecules are not readily 
ionized at wavelengths above 300 nm. Thus, em ionizable 
group is introduced onto each molecule. For example, a 
single chromophore is introduced into each nucleic acid 
molecule so that a single positive chaurge an be intro- 
duced on each vaporized nucleic acid molecule by reso- 
nance-enhemced multiphoton ionization (REHPI) • For 
example, referring to Figure 2, an uncheorged nucleic 
acid molecule (M) is raised to an excited electronic 
state (M*) by a first photon, emd then to am ionized 
state (M+) by a second photon. These ions (M+) can then 
be detected using time-of-f light (TOF) mass spectrome- 
try. 

Suitable chromophores or dyes are recited 

adDOve. 
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It is desirable that the chromophore is 
positioned at least 1 atom Md possibly up to 50 atoms 
away from the nucleic acid molecules strands by use of 
a linker arm of appropriate lengths. 
5 The chromophores cam also be covalently linked 

to a nucleotide. For example, when used for DNA se- 
quencing, these nucleotides can be used as the four 
dideoxyribonucleotides containing the four bases A, C, 
G, and T- DuPont (Wilmington, DE.) sells the four 

10 dideoxynucleotides covalently attached to four different 
fluorescein dyes. ABI sells four dideoxynucleotides 
covalently attached to four rhodeunine chromophores. 
Also, there are several standaurd procedures by which a 
dideoxynucleotide can be coupled to a chromophore. For 

15 example, synthesis of the dideoxy-TTP derivative c€m be 
accomplished by converting dideoxy-UTP (ddUTP) to 5-(3- 
amino)allyl ddUTP by the method described by Langer et 
al. 78 Proc. Natl. AcjO). Sci. U.S*A., 6633, 1981. The 
cytidine analog can be formed by converting dideoxyuri- 

20 dine to the 4-hexylaunine derivative using a procedure 
similar to that described by Horn et al., 17 Nucleic Acids 
Res., 6959, 1989, coupling to the NHS ester of a selected 
chromophore, followed by conversion to the triphosphate 
by one of several methods, e.g., as described by 

25 Kozarich et al. , 12 Biochemistry, 4458, and Ruth et al., 
20 MOL. PHARMOCOL., 415, 1981. The dideoxy adenosine or 
guanosine derivatives can be similarly prepared by 
lithiation of the purine ring at C8 followed by aUcyla- 
tion with a suitably protected amine-containing alkyl- 

30 halide Baurton et al.. Tetrahedron Lett., 279, 1979. 
Alternatively, the adenosine derivative can be prepsired 
by iodination at C7 of the adenosine derivative, dide- 
oxytubercidin, followed by coupling to N-trifluoro- 
acetylpropargylamine under Pd (0) catalysis. Robins et 
35 al., 48 J. Org. Chem. , 1854, 1983. 
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It is important that only one chromophore be 
attached to each nucleic acid molecule to enstire a 
single positive charge on each molecule after ioniza- 
tion. The chromophore procedures discussed above en2ible 
5 detection of the molecules by allowing the placement of 
precisely one unit of positive charge per nucleic acid 
molecule, permitting an exact determination of molecular 
weight. single ionization of each molecule greatly 
simplifies the appearance of a mass spectrum of mixtures 

10 of nucleic acid molecules. 

It is desirable that the chromophore absorb at 
a wavelength greater than 300 nm (where DNA wealdy 
absorbs) . In addition, the chromophore should have 
excited states which allow resonant ionization. In one 

15 exeunple, when an amthracene chromophore is used, it is 
believed that the solution phase electron excitations 
may be centered around approximately 380 nm, 320 nm, and 
280 nm. Thus, an ionization scheme as shown in Figxire 
2 is possible. 

20 Apparatus 


The appaoratus of the present invention aan be 
used to analyze biological or chemical samples generated 
from any one of a number of sources. For exaunple, it is 
possible to amalyze blood samples for the presence of 

25 - vsirious metabolites or proteins or even modified pro- 
teins. However, in the preferred embodiment, this 
instrxunent will be used to sec^ience DNA. 

The DNA samples to be sequenced are processed 
according to the Semger dideoxy sequencing method 

30 described above. These reactions are run with the light 
eJDsorbing chromophore linked to either the primer or the 
dideoxyribonucleotides. , Each of the four enzymatic 
reactions containing the dideoxy-terminated product DNA 
covalently linked, to a light-aJDsorbing ohromophore are 
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then mixed with an excess (e.g., 10-100,000 fold by 
weight excess) of rhodamine 6G emd each of the four 
laixtiires are placed individually into ssunple holder 9. 
In the case where the seuaple is analyzed in the solid 
5 phase, the water is removed by evaporation. In the case 
where the sample is analyzed as a liquid, the sample 
holder is placed directly into the vaporization chamber 
21. The sample is then exposed to a 1-100 MW pulse from 
the laser at 532 nm which vaporizes the rhod2aaine 6G, 

10 emd via entrainment, the biological sample. This 
Vaporized material is extracted through the pulsed 
nozzle 18a by the flowing heliiim stream, ionized by a 1 
MW pulse from the eximer laser, and extracted by the 
three kilovolt potential applied to the 90% transmission 

15 grid into the time*of-mass spectrometer. The molecular 
weights of the ions detected by the mass spectrometer 
are recorded. Then this entire process is repeated in 
sequence for the remaining three dideoxy sequencing 
reactions, the results from the four samples correlated, 

20 and the DNA sequence deduced as is done with manual or 
other automated sequencing methods. 

Referring to Figure 3, a schematic representa- 
tion of an apparatus of the invention is provided, 
Specifically, apparatus 8 includes a sample holder 10 in 

25 which the nucleic acid molecule of interest is placed 
within a matrix. This sample holder is positioned to 
allow electromagnetic radiation, e.g. laser light, from 
a vaporization laser 14 to contact the nucleic acid 
molecule. Also provided is a pulsed nozzle 18A which is 

3 0 positioned relative to sample holder 10 to allow vapor- 
ized matrix and nucleic acid molecule to pass in a 
series of pulses as a desorbed seunple (shown generally 
at 16) through a pair of beam skimmers 17 into a loca- 
tion 15 at which the volatilized nucleic acid molecules 

« 

35 can be ionized by electromagnetic radiation from an 
ionization laser 32. Such ionized and vaporized nucleic 
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acid molecules are ^en directed by use of a liigh 
voltage electric field 36 into a mass spectrometer 
(shown generally as 34) through an ion projectory 38 via 
an ion reflector 40 to a multichannel detector 42. 
5 Referring to Figure 4, a detail of a vaporiza- 

tion chamber used in app2a:atus 8 (shown in Figure 3) is 
provided. This chamber includes the sample holder 10 on 
which aqueous sample 12 is deposited. Above this holder 
is a pulsed nozzle ISA which eictracts gaseous sample 

10 resulting from vaporization of the sample by laser light 
from vaporization laser 14, together with the carrier 
gas, helium, which enters vaporization c h am b er 21 
through inlets 19 and 19 A. The carrier gas causes the 
vaporized seuuple to pass out of the vaporization cheunber 

15 towenrd the laser beam of ionization laser 32 where the 
sample is ionized. A window 20 is provided in the upper 
portion of vaporization chamber 21, and a second trajis- 
paurent window 29 is provided in the lower portion of the 
chamber, to allow passage of laser light from vapor iza- 

20 tion laser light 14. The base of the pulse nozzle is 
shown generally by the ntimeral 26. 

The vaporization chamber 21 shown in Figure 4 
can be maintained at either vacuum or ambient pressure. 
While not specifically shown, a high efficiency pumping 

25 system is provided to evacuate the low pressure chambers 
of this appairatus. Generally, the vaporization chamber 
is maintained at ambient pressure. When the sample is 
a liquid, the sample holder is oriented in a horizontal 
plaiie so that a liquid sample will not dr^ip or run, and 

30 is situated so that it can be exposed to electromagnetic 
radiation. The sample holder is constructed from either 
polished 305 stainless steel or glass and is removable. 
It is affixed so that the sample can be reproducibly 
positioned in precisely the same location with respect 

3 5 to the pulsed nozzle. Alternatively, the sample can be 
dried to a solid by evacuation. 
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The source of the elecrtromagnetilc radiation to 
cause vaporization is generally a laser, e.g., a neodi- 
nitun yttriiua alvuninum geurnet (Nd YAG) laser. This laser 
is operated in a mode which provides radiation at 532 mn 
5 up to 500 inJ/cia^. The light is columinated to provide 
high enough power to effect vaporization of at least a 
portion of the sample. Figure 5 shows that the columi- 
nated light 14 • from a laser is directed through an 
optical system • This system includes two pellin broca 
10 prisms (not shown) which remove unwemted frequencies of 
light to a beam dump for removal. The remaining light 
is then directed, first through an iris to restrict beam 
size, and then through focusing optics 50 constructed 
from a non-absorbing quartz SI UV optical flat (1" x 
15 1/8 into the vaporization cell to impinge onto the 
sample from above. The laser is operated in such a 
majiner so as to produce am intense flash of electromag- 
netic radiation which will be absorbed by the vaporiza- 
tion matrix and not the sample. 
20 Once vaporized, as discussed brief ly above, 

the sample is ejected into a helium atmosphere for 
subsequent processing. The helium injection and exhaust 
ports are positioned to maucimize the flow of vaporized 
product toward the pulsed nozzle. The flow of helium is 
25 maintained using a He flow meter as supplied from Tylaji 
Corporation. The output of the helium flow is connected 
to a pump via a metering valve. The pulsed valve is 
commercially available from Thermionics Laboratory, beam 
dynamics. The pulsed valve is positioned between 1 and 
30 10 mm above the siirface of the saunple to be vaporized. 

The pulsed valve is timed to open 0.1 to 100 microsec- 
onds after the firing of the vaporization laser. The 
sample is extracted from the vaporization chamber into 
the ionization chamber, and a potential simultaneously 
35 applied to a 905 transmission grid to extract amy ions 
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vhlch form during the vaporization process, and survive 
tlie tramsit through the pulsed nozzle. 

Once the seunple has entered the vacuum chaun- 
ber, a second intense burst of electromagnetic radiation 
5 is delivered into the app2u:atus from an excimer or YAG 
laser source. In the preferred embodiment, the ionizing 
radiation is at 300-500 nm, most preferzibly 300-380, 
e.g., 345 nm. As shown in Figure 6, this beam is 
developed using optical components. The beam 32* is 

10 directed through a telescoping cylindrical lens 52 to 
shape the beam into a compact pulse. The beam is then 
passed through slits 54 to define the final shape of a 
ribbon of eibout 1 mm x 5 mm in size. The beam is then 
directed through a quartz window 56 into the vacuum 

15 chamber. In the vacuum chamber, the light intersects 
the beam of seunple and matrix molecules at a 90 degree 
ajigle. The sample eibsorbs the radiation emd the con- 
tained molecules ionized by resonant multiphoton pro- 
cesses . 

20 The ionized sample is extracted by a three 

JdLlovolt potential applied to a 90% transmission grid 
(see Figure 3, field 36) which is 10 cm from the pl2me 
of the ionizing radiation. The ions formed in the 
electromagnetic pulse are then extracted into a mass 

25 spectrometer 34 (Figure 3), e.g., a time-of -flight mass 
spectrometer, such as a Bruker TOF 1 (Bruker Instru- 
ments, Inc. of Billerica, Mass.) This system operates 
at 30 Hz, with a very large semple depth (128K) and high 
resolution (16 bit) . This system includes the required 

30 electronic controls amd am ultra high vacuum pumping 
system that caji be used for the ionization chamber. 

Methods 

The polynucleotide to be sec[uenced is pro- 
cessed according to the Sanger dideoxy sequencing 
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reac1:lon metihod described above, or any other sequencing 
method • These reactions are preferably run with a light 
absorbing chromophore linked to either the primer or the 
dldeoxyr ibonucleotldes . Each of the four enzymatic 
5 reactions containing the dldeoxy-termlnated molecule 
covalently linked to a llght-aUDsorblng chromophore Is 
then mixed with an excess (e.g*, 10-100,000 fold molar 
excess) of rhodamlne 6G, and each of the foxir mixtures 
placed Individually Into the sample holder. When the 

10 sample is in the solid phase, the stirroundlng liquid 
mediiim, e.g. water, is removed by evaporation. When the 
sample is a liquid, the sample holder is placed directly 
into the vaporization chamber. 

The sample is exposed to a 1-100 MW pulse from 

15 the laser at 532 nm which vaporizes the rhodamlne 6G, 
and via cntralnment, the nucleic acid molecule. This 
vaporized material is extracted through the pulsed 
nozzle by the helium streaua, ionized by a 1 MW pulse 
from the excimer laser, and extracted by the three 

20 kllovolt potential applied to the 90% transmission grid 
into the tlme-of flight mass spectrometer. The molecu- 
lar weights of the ions detected by the mass spectrome- 
ter are recorded. This process is then repeated in 
sequence for the remaining three dldedxy sequencing 

25 reactions, the results from the four samples are. corre- 
lated, and the nucleotide sequence deduced. An example 
of such data is shown in Figure 14. Correlation of 
these data can be performed manually or by computer 
using a program which determines the relative molecular 

30 weights of each molecule in each population of mole- 
cules. Such a program is readily formulated by those 
skilled in the art. 

Those skilled in the art will understand that 
there eure many variations of the above apparatus and 
35 method which fall within the purview of this invention. 

For example, different matrices can be used for the 
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vaporization processes and different chromophores can be 
used for the ionization processes, as cam different 
sources of electromagnetic radiation be used. The 
sample may require pre-treatment by various procedures 
5 to increase sensitivity levels, for example, removing 
the template polynucleotide, removing the substrate 
nucleotides, exchanging counter ions, or removing any 
proteins prior to analysis. Furthermore, the sample 
holder and vaporization chamber cfioi be modified so as to 

10 accept multiple samples by the addition of a movable 
stage that will bring each of the various samples into 
register for the vaporization step. 

The "tag" molecule in this mass spectral 
technique will perform a role analogous to the fluores- 

15 cent tag employed in other automated electrophoretic DNA 
sequencing techniques. In the mass spectral technicpae, 
the "tag" will enable the detection of the DNA compo- 
nents by allowing the placement of precisely one unit of 
positive chsirge per DNA stramd, permitting an exact 

20 determination of molecular weight or strand length. 

Single ionization of each strand will greatly simplify 
the appearemce of mass spectrum of mixtures of DNA 
streinds • 

For a desirable REMPI tag for mass spectral 
25 analysis of DNA strand, it is most desiradDle that the 
molecule have an adsorption band greater tham 300 nm 
(where DNA weakly absorbs) . Secondly, the molecule 
should have excited states which allow resonamt ioniza- 
tion. Lastly, the molecule should be chei«ically attach- 
3 0 able to the DNA straind dviring the enzymatic reaction. 

Utilizing a tetraoaethylrhodamine chromophore, it is 
believed that the solution phase electron excitations 
may be centered arovmd approximately 350 nm, 250 nm, and 
200 nm for similar compoiinds. It is also desirable that 
35 the tag dye molecule be positioned at least 8 atoms and 
possible up to 29 atoms away from the DNA stremds. 
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depending upon lAe length of the linker arm that is 
chosen. 

The ionized sample is then extracted by a 
three kilovolt potential applied to a 95% transmission 
5 grid which is 10 cm from the plane of the ionizing 
radiation. The ions formed in the electromagnetic pulse 
are then extracted into a mass spectrometer. In the 
preferred embodiment, the mass analysis system is of the 
time-of -flight type, such as a Bruker TOF 1 (Bruker 

10 Instruments, Inc. of Billerica, Mass) . This system has 
been developed to operate at 30 Hz, with a very large 
sample depth (128K) and high resolution (16 bit) . This 
system is complete in terms of control electronics and 
also contains all of the ultra high vacuum pumping 

15 systems that will be required for the ionization cham- 
ber. 

The following examples are illustrative of the 
invention. They were performed in the sequencing 
cheuober shown in Figures 7 and 8. The chaunber consists 

20 of a solid film vaporization system juxtaposed to a 
REMPI TOF chamber. With the vaporization system, a 2 fcl 
spot of a mixture of sample and rhod2aaine €G is placed 
on a glass microscope slide, the sample allowed to dry 
and the glass slide fixed to a stainless steel rod 

25 sample holder. The spot is irradiated with a laser 
pulse and the vapor plxune travels toward the electro- 
static grid plates of the time-of-f light mass spectrome- 
ter. 

The lens system for the mass spectrometer is 
JO shown in Figure 7. Four grid plates (1-4) form the 
acceleration optics. The following is a description of 
the ion optical system starting from the leftmost grid 
plate shown in Figure 7. The first plate has a 1/8" 
aperture in its center. This plate is grounded for 
15 these examples. The next plate contains a 90% transmis- 
sion grid which is typically biased positive 1000 volts 
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witli respect to ground. One function of this grid is to 
repel positively charged ions back to the groxind plate 
so that only neutral molecules enter the ionization 
region of the mass spectrometer • The next plate is 
5 typically biased positively to 950 volts with respect to 
ground. The region between plates 2 ana 3 is called the 
ionization region because the resonzuice-enhanced multi- 
photon ionization occurs here. This region also forms 
a low voltage extraction region for the dual slope 

10 acceleration scheme which serves to decrease the full-r 
width-at-half-maximion of the signal peaks. The fo\irth 
plate contains an 82% transmission grid and is grounded. 
The region between plates 3 and 4 represents sm acceler- 
ation of 950 eV per ion. The ions then enter a 63cm 

X5 field free drift region of the mass spectrometer. 

At the end of the mass spectrometer is a high 
molecular weight ion detector 68. This consists of one 
stage from a CuBe electron multiplier detector. This 
"Venetian" blind ion conversion stage is biased to 10 

20 keV to convert high molecular weight ions to smaller 
ions and electrons. This type of ion conversion system 
has the added advantage of protecting the multichannel 
ion detector from carbonaceous contamination. The 
resulting particles are then directed to the micro- 

25 channel plate detector for current amplification. The 
signal is amplified further in a fast ampli- 
fier/discriminator. The signal is then ddLrected to a 
digital storage scope where ctarrent or signal is stored 
as a function of time. A plot of current versus time 

30 forms the time-of -flight mass spectrum. 

A schematic of the entire sequencing system is 
shown in Figure 8. The vaporization chamber and TOF 
mass spectrometer are pumped by a turbo moleculaa: vacuum 
pump. The laser beams necesseory for ionization and 

35 vaporization enter through qu2Lrt2 windows. The optical 
setup allows the beams to enter the chamber through the 
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sane window. The vaporization laser is directed at the 
front of the thin film system by a turning prism, 
mounted as shown in Figure 7. The ionization beam 
travels parallel to the plane of the extraction plates. 
5 The timing between the two laser pulses is maintained by 
precision delay circuits. The minimum vacuum for an 
experiment is approximately 1 x 10"* torr. 

The DNA sample mixture 74 was spotted onto a 
glass coverslip attached to the end of the stainless 

10 steel sample positioner. The mixture of laser dye emd 
tagged DNA sample was allowed to dry into a solid thin 
film on the coverslip. The seuaple was then loaded into 
the vacuum chamber and pumped to a pressvire of approxi- 
mately 5 X 10"* torr. 

15 In both example 1 and 2 described below, the 

vaporization laser struck the thin- film at an angle of 
approximately 45 degrees from the surface normal. The 
vaporization laser used was the second haurmonic of a Nd 
YAG III laser, (532 nm, 6 ns pulse length, variable 

20 power) . The YAG laser was equipped with gaussian optics 
so that the photon density within the beam was approxi- 
mately constant across the diameter of the beam. The 
diauneter of the vaporization laser beam was irised to 1 
mm. The fluence of the beam rsmged between 10 and 80 

25 mJ/cm^ s measured by a power meter (not shown) . The 
sample positioning system was rotatable so that fresh 
saunple could be continuously brought into the aurea of 
vaporization, if necessary. 

A multiphoton ionization laser 80 was used to 

30 generate a 345-370 nm photon and 15 ns pulse length, 
which passed peorallel to the plane of the thin film at 
a distance of 11 mm from the surface. The besua was 
irised and passed through 1 mm slits. The beaaa shape of 
this ionization laser was a ribbon having dimensions l 

35 mm X 7 mm. for the experiments requiring ionization of 
the DNA s£unple, the excimer laser was triggered to fire 
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at a time of 45 microseconds after the vaporization 
laser hit the target • The pulse of photons from the 
ionization laser was detected using a photodiode. The 
signal from the photodiode defined time = zero for the 
5 time-of -flight measurement • 

Example 1 

A sample of anthracene-laibeled thymidine-5 • - 
monotriphosphate was mixed at a 1 to 1 molar ratio with 
rhodamine 6G dye. The sample was then spotted onto the 
10 sample holder as described previously. The vaporization 
laser at 532 nm was directed onto the saunple thin film 
with a f luence of 40 mJ/cn^. The ionization laser at 345 
nm was maintained at 30 mJ /cn?^ A representative time- 
of -flight spectrum prepared from the oscilloscope 86 
15 connected to the multichamnel detector inputs 68 and the 
photodiode 82 via lines 88 and 90, respectively, is 
shown in Figure 9 . 

In this plot (Figure 9) , the current signal 
output from the multichannel detector was plotted as a 
20 function of time in microseconds. The peak appearing at 
32.7 microseconds, labeled A, was identified as ptire 
rhodamine 6G (HW = 479 AMU) by control experiments where 
no laJseled nucleotide was present. 

When the einthracene-labeled nucleotide ssunple 
25 was added to the thin film, the peak at 41 microseconds, 
labeled B, appeaired. This arrival time implied that a 
species of approximately 650 AMCJ was present in the 
vaporized ssunple. Therefore, the mass calculated for 
the tagged nucleotide is 650 AMU. 

30 Example 2 

In this exeunple, the ion detection system of 
Figure 7 was removed from the apparatus and a piece of 


wo 92/13629 


PCr/US92/00714 


-33- 

f liter paper installed to collect all of the laser 
vaporization materials. A 4 nun diameter hole was placed 
in the filter paper to allow passage of the vaporization 
laser. The paper was positioned at a distance of 10 mm 
5 from the vaporization spot on the thin film. 

An oligonucleotide (50 pmol) having the 
sec[uence 5 » -GTTTTCCCAGTCACGAC-3 • was synthesized , 
purified by high pressure liquid chromatography (HPLC) , 
and labeled at the 5" end with using polynucleotide 

10 kinase. The labeled oligonucleotide was purified from 
unreacted ATP using a Waters Associates Sep-Pak CIS 
cartridge (Maniatis et al.. Molecular Cloning, A Cloning 
Manual), Cold Spring Harbor Press, New York, 1982). The 
final specific activity of the oligonucleotide was 300 

15 counts per minute per femtomole (cpm/fmol) . Five 
picomoles (pmol) of the oligonucleotide was dissolved in 

4 ftl of water containing 10 mg/ml rhodamine 6G. This 
resulted in a final molar ratio of saunple to matrix of 
1:17,000. This mixture was then spotted in two 2 /xl 

20 allquots on a glass cover slip. The dried sample was 
placed in the sample chamber, the chamber evacuated to 

5 X 10-* torr, and then the sample was exposed to the 
second harmonic of the Nd YAG III laser (532 nm, 8 ns 
pulse length) at a power equal to 130 mJ/cnP. The filter 

25 containing the putative vaporized DNA was removed and 
the process twice repeated on fresh samples at power 
levels equal to 85 and 45 mJ/cm?, respectively. Each 
filter was then exposed to Kodak XAR-5 X-ray film to 
obtain the distributions shown in Figure 10: panel A, 

30 130 mJ/cur^; panel B, 85 mJ/cm?; panel C, 45 mJ/cm^. 

Three features of the vaporization process are 
revealed by this analysis. First, as the laser power 
was increased, the sunount of molecular vaporization 
product also increased. ^ Second, the images of the 

3 5 vaporized material on the filter paper revealed a highly 
directional vaporization process. The distribution is 
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pesdced in t:he normal direction and was consider ably- 
tighter than a simple cosine distribution expected for 
a thermal desorption process. Third, the '^P present on 
the filter paper was evenly distributed, as is expected 
5 for moleculeur vaporization • Spallation, or the removal 
• of macroscopic pieces of the mixture, has been shown in 
prior studies (Nelson et al. , Scizncb 1585, 1989) to lead 
to a spotted or specJded appearance. Spallation fea- 
tures, were observed in our experiment when vaporization 
10 was performed at atmospheric pressure on a liquid 
sample. TeJcen together, the images of the distribution 
obtained in these experiments strongly suggest that 
individual molecules were being vaporized. 

E?ga mple 3 


15 To cheuracterize the products obtained from the 

laser vaporization of the aibove 17-mer, the radioactive 
material on each filter (Exaanple 2) was eluted by 
soaJcing in water, and each mixture then analyzed by 
polyacrylamide gel electrophoresis. 

20 The autdradiographs of the filter papers shown 

in Figxire 10 were used to indicate where the vaporized 
radioactive oligonucleotide was deposited onto the 
filters. These portions were excised an€i then extracted 
with two 150 fil portions of water. The resulting 

25 solutions were concentrated, and loaded onto a 20% 
polyacrylamide gel: (Figure 11) leme 1, 130 mJ/cm?; lane 
2, 85 mJ/cm*; lane 3, 45 mJ/cmr; lane 4," starting oligo- 
nucleotide. The gel was electrophoresed at 1000 V for 
2 hr, and the positions of the bainds determined by 

30 autoradiography. The positions of inorgeoiic phosphate 
aind nucleotide were determined by running authentic 
samples in adjacent lemes. 

The SEuaple vaporized using a laser power of 45 
mJ/cn? showed extensive strand scission, ^ giving rise to 
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nuclelc acid molecules having an average chain length of 
four nucleotides (Figure 11, lane 3; s£,. starting sample 
in lane 4) . Applicants believe that strand breakage 
occurred through activation of the phospodiester bond. 
5 Also, a great deal of the label was observed as free 
inorgemic phosphate (Pj) . However, the samples vaporized 
at 130 and 80 mJ/cm^ (Figure 11, lanes 1 and 2) displayed 
no observable strand scission, although substantial 
amounts of phosphate were produced* There are, several 

10 possible explanations for this observation. First, it 
is most likely that at lower laser powers the molecules 
remain in the thin film longer, causing the desorption 
process to mimic thermal decomposition, resulting in a 
much higher probability that bonds will be broken. 

15 Conversely, the vaporization process becomes a non- 
thermal, non-e(juilibrium photochemical process at high 
laser fluences. Second, the vaporized product should be 
less decomposed at high fluences because the density of 
desorbed material increases as the laser power increase. 

20 As the density increases, the niimber of cooling colli- 
sions increase and the vaporization process resembles a 
free jet expansion. A third possibility is that as the 
fluence of the vaporization beam increases, new elec- 
tronic states in the desorbed rhodamine 6G are accessed 

25 via multiphoton eJDSorption which serve to more effi- 
ciently transfer the nucleic acid molecules into the gas 
phase. This is supported by the fact that at the higher 
laser powers' almost none of the laser dye travels to the 
filter paper without decomposition, whereas at lower 

30 incident fliixes much of the laser dye arrives intact. 

Example 4 

To more fully characterize the bond-breaking 
process observed in the 17-mer experiment, the vapori- 
zation of [a-^P] dATP as a function of laser power was 
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studied- [a^-P] ATP (60 pmol, 3000 Ci/mmol) was 
dissolved in 20 ^1 of water containing 10% methamol emd 
10 mg/ml rhodamine €G* Sample spots were prepared and 
vaporized as described above in Example 2 at powers 
5 equal to 320, 208, 180, 129, 85 and 45 mJ/cn? using a 
fresh spot for each power level. The resulting filters 
were processed as described above in £x2unple 3, and the 
concentrated solutions adjusted so that each had 20,000 
cpm//il. Two microliters of each solution containing the 

10 materials which had been vaporized were then eluted from 
the filter papers, spotted onto a glass PEI-Cellulose F 
TIiC plate (EM Science) , and eluted with a solution of 
0.6 M LiCl in 1.0 M formic acid. The plate was dried, 
and the amount of radioactivity present in each spot 

15 determined using an Ambis Radioactivity Image Scaumer. 
The identity of the analyzed components was determined 
by co-spotting with authentic samples. 

Referring to Figure 12, each point represents 
the average of at least two determinations from two TI#C 

20 analyses. (O) dATP, (•) dAMP, (□) pyrophosphate, and 
(■) phosphate. This analysis indicates that up to five 
species cure observed in the vaporized sample, depending 
on the vaporization condition. As predicted from the 
oligonucleotide experiments described in Example 3, the 

25 highest power levels result in little decomposition of 
the vaporized product. At 320 mJ/cn?, approximately 90% 
of the radioactivity present on the filter paper was 
recovered as dATP. What little degradation that oc- 
curred resulted in the formation of dAMF and inorgamic 

30 phosphates (mono-, diand tri-phosphates) . As the laser 
power was reduced, several trends become evident: (i) 
less dATP survived the laser vaporization; (ii) less 
tripolyphosphate was observed (not shown; less than 4% 
was produced at even the highest power level) ; (iii) 

35 more phosphate and diphosphate were formed; and (iv) 
more dAMP was produced. The production of the inorganic 
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phosphatie is consistent vith photochemical activation of 
the P-O-P bonds at intermediate vaporization power* The 
incident photon fluence was high enough that this 
activation proceeded through a two-photon excitation of 
the 274 num electronic absorption band in the phosphate 
group. At the highest powers, the P-o-P bonds were 
still activated, but the energy was most likely quenched 
by collisional deactivation • At low vaporization power, 
the desorption mechanism became more thermal in nature. 
As the molecules received thermal energy, the weakest 
bond, the phosphodiester bond, was expected to, and 
observed to, breedc. 

Example S 

The fact that efficient moleculaur vaporization 
15 with very little bond breadcage occxirred at laser powers 
over 300 mJ/cm? suggested that it might be possible to 
effect the molecular vaporization of very long DNA 
strands. To test this prediction, two dideoxy DNA 
sequencing reactions were performed \ander conditions 
20 where the average chain length produced was either 
approximately 65 or approximately 400 nucleotides long. 
Two DNA sequencing reactions were caurried out using 
SEQUENASE™ T7 DNA polymerase (United States Biochemical, 
Cleveland, OH) under conditions where the short (Figure 
25 13, panel A) or long (Figure 13, panel B) DNA sequences 
were synthesized as described by the manufacturer. 

For the reaction used to prepsure short dideoxy 
C terminated DNA fragments (Figure 13, panel A), a 50 ftl 
labeling reaction was prepared containing M13mpl8 DNA, 
30 [a-^^P] dATP and Mn** buffer, using the manufacturer- 
recommended protocol. Immediately prior to vaporiza- 
tion, the DNA was denatured and mixed with rhodamine 6G. 
This mixture (2;il) was spotted onto a glass cover slip. 
The sample was vaporized and the filters processed, as 


5 


10 
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described above In Exemples 2 and 3* As was found In 
Example 2, with the vaporization of the nucleotide and 
oligonucleotide,, the pattern of the autoradiograms 
revealed virtually no evidence for spallation (not 
5 shown) . The ^P-labeled materials were then eluted from 
the filters, and run on a high resolution polyacrylamide 
sequencing gel (Figure 13) . The concentrated solutions 
were loaded onto a denaturing 8% polyacryl2uiiide gel and 
electrophoresed for 2 hr at 55 watts: Figure 13, pemel 

10 A, lame 1> b«62 ftl of the starting se^qufencing reaction 
prior to vaporization; pemel A, lanes 2—5, seunples 
recovered following vaporization at 320, 260, 210, and 
160 mJ/cm*, respectively. 

The reaction used to prepaire the long DNA 

15 sequences was virtually identical except that the Mn^"^ 
buffer was not used and the termination mix contained a 
3:2 ratio of normal dideoxy C termination mix aaid 
extension mix. Figure 13, Pamel B, Ismes 1-4, correspond 
to samples recovered following vaporization at 320, 260, 

20 210, and 160 mJ/cm^, respectively; panel B, lane 5 
contained 0.006 ftl of the starting sec[uencing reaction 
prior to vaporization. For both panels A and B, stan- 
dard G, A, T, and C sequencing reactions were rtm in 
paorallel in order to precisely determine the lengths of 

25 the indicated bsmds. 

It is evident from this analysis that extreme- 
ly large DNA molecules can be efficiently vaporized 
without any noticeable strwd cleavage or degradation. 
In the case of the sequencdLng reaction containing 

30 products having an average length of 65 nucleotides 
(Figure 13A) , bsmds up to 85 nucleotides in length were 
visible. Longer exposures (not shown) indicated the 
presence of longer strands (in the 120 to 140 nucleotide 
r€mge) . The banding pattern for the samples generated 
35 at each of the laser powers (Figure 13 A, lames 2-5) was 
as shairp as the starting material (Figure 13A, lajie 1) , 
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10 


strongly suggesting that no strand degradation was 
occurring. However, unlike the 17-mer experiment, we 
cannot rule out the possibility of trace amounts of 
strand scission at rsmdom position on these long 
strands. The intensity distributions of the vaporized 
samples were substantially different than that of 
starting sample. For example, the ratios of the 20-mer 
to 75-mer were compared for the two samples by densito- 
»etric scanning of the autoradiograms. The results 
indicated that the intensity of the 75-mer bands were 
reduced in relative intensity by 90% for th^ vaporized 
sample. This latter point is further strong support for 
molecular vaporization, since spallation would be 
expected to generate materials on the filters having 
15 bands intensity distributions identical to the starting 
samples. Simileu: results are obtained from the sequenc- 
ing reaction carried out to give very long IsUoeled DNA 
strands (Figure 13B) . Careful analysis of this gel 
revealed that DNA stremds in excess of 1000 nucleotides 
20 long had been vaporized. 

The secruencing method described here has 
numerous advantages over currently availaOsle or proposed 
approaches. First, it does not require that DNA se- 
quencing products be run on a polyacrylamide gel. This 
25 component of manual or automated DNA sequencing is the 
most labor-intensive and time-consuming portion of DNA 
sequencing. Second, this method does not require the 
use of a radioisotope. Both this and the prior point 
should signif icMtly reduce the expense currently 
30 associated with sequencing by reducing labor, chemical, 
and disposal costs. Also, the throughput that can be 
expected for this instrument may be 1000 times, or more, 
that obtained from currently available automated sequen- 
cers. An important consideration is that the technology 
3 5 described here can be easily automated for repeated 
sample analysis. Since the mass analysis can be ob- 
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t:ained very rapidly, a conservative estimate for the 
time involved in generating a single DNA secpience is 
certainly less than one minute, and should be as little 
as a few seconds. Thus, an instrument running continu- 
5 ously might conceivably be able to secjuence well above 
a million bases per day. 

The apparatus described herein has not been 
used previously to ma3ce determinations of the molecular 
weights of biological samples. Because of the unique- 

10 ness of the appeuratus, unique materials are prepared by 
virtue of the ionization occurring by the ionization 
laser after the DNA sample has been vaporized. It is 
because of this unic[ue difference that the ionized 
molecules have enhamced capability of being detected 

15 more accurately and sensitively through the mass spec 
equipment. It is believed that these ionized molecules 
have not been described previously. 

While the forms of the invention herein 
described constitute presently preferred embodiments, 

20 many others are possible. It is not intended herein to 
mention all of the possible ec[uivalent forms or ramifi- 
cations of the invention. It is understood that the 
terms used herein aure merely descriptive rather than 
limiting, and that vaurious cheuiges may be made without 

25 depairting from the spirit or scope of the invention. 
Other embodiments are within the following claims. 
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What Is Clflimed Ts: 

1. A method analyzing an organic sample, 
comprising tii& steps of: 

a) providing an prg2uiic sample in a medium 
5 which absorbs visible light; 

b) vaporizing the sample and the medium into 
the gaseous phase by sxibjecting the sample and the 
medium to electromagnetic radiation from an optical 
sovirce wherein the vaporizing of the organic sample 

10 occurs in a visible light absorbing medium which absorbs 
the electromagnetic radiation in the visible light 
region; 

c) ionizing the vaporized sample; and 

d) detecting the contents of the vaporized, 
15 ionized seunple. 

2* The method of claim 1 wherein the organic 
sample to be analyzed has an ionizaOsle chromophore 
covalently bonded to the saunple, 

3. The method of claim 1 wherein the light 
20 fid^sorbing medium is an orgamic dye, 

4. The iaethod of claim 1 wherein the light 
absorbing medium is in the liquid state. 

5. The method of claim 1 wherein the light 
absorbing medium is in the solid state. 

25 6. The method of claim 1 wherein the sample 

to be detected is selected from the group consisting of 
a saccharide, a polysaccharide, a lipid, a homnone, a 
neurotransmitter, a heme, a nucleotide, a nucleoside, a 
metabolite, and a peptide. 
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7, The met^iod of claim 1 wherein the sample 
is a protein. 

8. The method of claim 1 wherein the sample 
is a nucleic acid* 

5 9. The method of claim 1 wherein the light 

2d3sorbing medium has the <Ut>ility to absorb light at a 
wavelength greater thzm 500 nwometers. 

10. The method of claim 1 wherein the light 
absorbing medium is comprised of a dye. 

10 11. The method of claim 2 wherein the chromo- 

phore to be bonded to the sample is a dye. 

12. The method of claim 2 wherein the chromo- 
phore to be bonded to the seunple is a fluorescent dye. 

13. A method for analyzing a nucleic acid 
15 molecule comprising the step of vaporizing a mixture of 

said nucleic acid molecule auid a matrix by illtiminating 
said mixture with visible laser light absorbed by said 
matrix. 

14. A method for determining the nucleotide 
20 sequence of a polynucleotide comprising the . step of 

determining, by mass spectrometry, the relative molecu- 
lar weights of single-stramded nucleic acid molectxles in 
a population comprising a plurality of single-stranded 
nucleic acid molecules, each molecule having a different 
25 moleculsur weight and one defined terminus zind one 
variable terminus, said V2uriable terminus terminating at 
a specific nucleotide, wherein said molecules eare 
generated from said polynucleotide. 
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15 • The method of claim 14 wherein said 
determining step is performed without prior separation 
of each of said molecules from each other* 

16. The method of claim 14 wherein said 
5 determining step comprises vaporizing a mixtxure of said 

population and said matrix by illuminating said mixture 
with visible laser light absorbed by said matrix. 

17. The method of claim 14 wherein said 
nucleic acid molecules are generated by chemical degra- 

10 dation of said polynucleotide. 

18. The method of claim 14 wherein said 
nucleic acid molecules are generated by extension of a 
primer, complementary to a portion of said polynucleo- 
tide, by a DNA polymerase in the presence of a chain 

15 terminating agent. 

19. The method of claim 18 wherein said chain 
terminating agent is a dideoxynucleotide triphosphate. 

20. The method of claim 18 wherein said DNA 
polymerase is T7 DNA polymerase. 

20 21. The method of claim 18 wherein said 

extension is performed in the presence of mangauiese. 

22 . The method of claim 14 wherein said 
polynucleotide is DNA molecule. 

23. The method of claim 14 wherein said 
2 5 polynucleotide is an RNA molecule. 


24. The method of claim 14 wherein said 
determining step further comprises the step of comparing 
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moleculco: weights of said nucleic acid molecules gener- 
at:ed from said polypeptide to provide said nucleotide 
sequence. 

25. The method of claim 24 wherein said 
5 compauring step is performed using a computer* 

26. The method of claim 1, 13 or 16 wherein 
said vaporizing step is performed using a laser adapted 
to emit a pulse of light. 

27. The method of claim 26 wherein said laser 
10 is adapted to emit a pulse of light having a duration of 

less that 10 nanoseconds. 

28. The method of claim 27 wherein the power 
of said laser light is greater than about 80 mJ/cn?. 

29. The method of claim 26 wherein said laser 
15 is a neodium yttrium aluminum garnet laser. 

30. The method of claim 13 or 16 wherein said 
illumination is at a wavelength of from about 400 to 
about 1100 nm. 

31. The method of claim 13 or 16 wherein said 
20 matrix is an organic dye. 

32. The method of claim 31 wherein said 
organic dye is rhodamine 6G. 

33. The method of claim 13 or 16 wherein said 
matrix is selected from the group consisting of Rhoda- 

25 mine 6G, Rhodamine 700 or 800, DTTCI, LC8800, DNTTCI, 
HDITCI, DDCI-4, and dibenzocyzmine 45. 


wo 92/13629 PCT/US92/00714 

-45- 

34. The method of claim 13 or 16 wherein said 
matrix has the ability to absorb light at a wavelength 
of from about 400 nm to about 1100 nm. 


35. The method of claim 13 or 16 wherein said 
matrix absorbs light at a wavelength at which DNA does 
not absorb light. 

36. The method of claim 13 or 16 wherein said 
matrix absorbs light at a wavelength at which RNA does 
not absorb light. 

37. The method of claim 13 or 16 wherein said 
vaporizing step occurs without fragmenting said polynu- 
cleotide. 


38. The method of claim 1, 13 or 16 wherein 
the molar ratio of said light absorbing matrix to said 

15 polynucleotide is from about 1:1 to about 100^000:1. 

39. The method of claim 13 or 16 wherein a 
said nucleic acid molecule has a single positive cheurge. 

40. The method of claim 13 or 16 wherein a 
said nucleic acid molecule is boxind to an ionizable 

20 chromophore. 

41. The method of claim 40 wherein a said 
nucleic acid molecule is chemically boxmd to said 
chromophore by a linker arm. 

42. The method of claim 2 or 40 wherein said 
25 chromophore is selected from a group consisting of 

fluorescein, rhodamine, tetramethy Irhodamine , sulfor- 
hodamine, nitroben2yl-2-oxa-l-diazole, anthracene. 
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pyrene, coiunarin, acridone, N-5-dimethylauiiinonapht:liene, 
and derivatives thereof • 

43. Tlie method of claim 42 wherein the 
derivatives are selected from the group consisting of 

5 iodoacetamide, maleimide, isothiocyamate and succinimi- 
dyl carboxylate. 

44 . The method of claim 13 or 16 further 
comprising the step of ionizing said nucleic acid 
molecules aJfter said vaporiziiig step. 

10 45. A method according to claim 1 or 44 

wherein said ionizing is performed using a laser adapted 
to emitting a pulse of light. 

46. The method of claim 45 wherein said laser 
is adapted to emit a pulse of light of less tham 20 

15 nauioseconds . 

47. The method of claim 44 further comprising 
the step of determining the moleculaur weight of any 
vaporized^ ionized nucleic acid molecule. 

48. The method of claim 1 or 47 wherein said 
20 moleculaor weight is determined using a mass spectrome- 
ter. 

49. The method of claim 48 wherein said mass 
spectrometer is a time-of -flight mass spectrometer. 

50. The method of claim 14 wherein the 
25 moleculeur weights of said molecules in a pliirality of 

said populations are determined, said molecules in each 
said population having a variable terminus terminating 
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at a different specific nucleotide from other said 
populations . 

51. The method of claim 50 wherein said 
method fiarther includes comparing the molecular weights 
of said molecules with a computer. 


52. A method for determining the base se- 
giience of a nucleic acid strand wherein four separate 
nucleic acid samples derived from the strand are f rag-^ 
mented such that each fragment in a particuleur sample 
10 terminates at one of the bases adenosine (A) , cytosine 
(C) , guanosine (G) , or thymidine (T) , comprising the 
steps of: 

(a) providing an orgsmic sample comprised of 
the four samples of the nucleic acid in a light absorb- 

15 ing medium which aO^sorbs light; 

(b) vaporizing the saunple and the light 
^ absorbing meditun into the gaseous state; 

(c) ionizing the vaporized seunple; and 

(d) detecting the contents of the vaporized, 
20 ionized sample. 


53. An appaoratus to analyze an organic saunple 
present in a visible light absorbing medium comprising: 

an optical source for generating electromag- 
netic radiation in the visible light region capable of 
vaporizing the organic sample in the visible light 
absorbing medium which absorbs visible light; 

a source of ionizing radiation capable of 
ionizing the vaporized sample; and 

an apparatus, juxtaposed to the vaporized 
ionized sample capable of determining the contents of 
the vaporized, ionized sample. 
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54 . Tlie apparatius of claiiQ 53 wlierein tilie 
apparatus capable of determining the contents of the 
vaporized ionized S2unple is a mass spectrometer. 

55 . The apparatus of claim 53 wherein the 
5 source of vaporizing radiation is a laser. 

56. The apparatus of claim 53 wherein the 
source of ionizing radiation is a laser. 

57. The appzoratus of claim 53 wherein the 
apparatus is capai^le of analyzing nucleic acid mater i- 

10 als • 

58. An apparatus for determining the nucleo- 
tide sequence of a polynucleotide, comprising: 

(a) a mass spectrometer adapted to determine 
the relative molecxileu: weights of individual single- 

15 stranded nucleic acid molecxiles in a first plurality of 
different populations comprising a second plurality of 
single-stramded nucleic acid molecules, each molecule 
having a different moleculzir weight, smd one defined 
terminus and one variable terminus, said variaible 

20 terminus terminating at a specific nucleotide, the 
variadDle terminus of each different first plurality of 
populations terminating at a different specific nucleo- 
tide, wherein said molecules €u:e generated from said 
polynucleotide ; and 

25 (b) a computer adapted to compare the molecu- 

lar weights of each of said molecules in said different 
first plurality of populations to provide the nucleic 
acid sequence of said polynucleotide. 

59. The apparatus of claim 58 fxirther compri- 
30 sing a laser adapted to generate light able to vaporize 

said populations of molecules. 
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60* The apparatus of claim 58 further com- 
prising a laser adapted to generate light able to ionize 
said populations of molecules. 

61. A population comprising a plurality of 
5 single-stramded nucleic acid molecules, each molecule 
having a different molecular weight and one defined 
terminus and one variable terminus, said variable 
terminus terminating at a specific nucleotide, said 
molecules being in an ionic and vapor form. 


10 


62. A plurality of populations of claim 61. 
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